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ABSTRACT Iron fortification of foods and biofortifica-
tion of staple food crops are strategies that can help
to alleviate Fe deficiency. The broiler chicken may be
a useful model for initial in vivo screening of Fe bio-
availability in foods due to its growth rate, anatomy,
size, and low cost. In this study, we assess the broiler
as a model for hemoglobin (Hb) niaintenance studies
and present a unique duodenal loop technique for direct
measurement of intestinal Fe absorption. One-week-old
chicks were allocated into Fe-deficient versus Fe-ade-
quate treatment groups. For 6 wk. blood Hb. feed con-
surnption, and B\V were measured. At wk 7, birds were
anesthetized and their duodenal loops were exposed.
The loop was isolated and a nonocclusive catheter was
inserted into the duodenal vein for blood sampling. A
stable isotope solution containing °Fe (1 tug of Fe in
10 niM ascorbic acid) was injected into the loop. Blood
samples were collected every 5 min and for 120 min

postmjection and analyzed by inductively coupled ar-
gon-pla.sina mass spectronietry for Fe concentration,,.
Iii the low-Fe grout), fib concentrations, total body HI)
Fe. and B\V were lower and Hb maintenance efficiency
(indicator for dietary Fe availability) was higher than
in the high-Fe group (P < 0.05). Iron absorption was
higher in the Fe-deficient birds (P < 0.05). lit
expression of proteins involved in Fe uptake and trans-
fer [i.e.. divaletil metal transporter 1 (Fe uptake traits-
porter), ferroportin (involved in Fe transport across the
eiiterocvte). and duodena.l cytochroine	 cB redutase (re-
cluccs Fe at brush border meinbrane)] were elevated in
the low-Fe group. These results indicate that t his model
exhibits the appropriate responses to Fe deficiency and
has potential to serve as a itiodel for Fe bioavailability.
Such a model should be most useful as an intermediate
test of in vivo Fe bioavailabihtv observations in prepa-
ration for subsequent hunian studies.
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INTRODUCTION

Iron deficiency is the most prevalent nutrieiit deficien-
cv worldwide (Stoltzfus, 2001). Strategies for reducing
its prevalence include distribution of Fe supplements to
at-risk groups, food fortification, and diversification of
diets. Regardless of the strategies used, there is a need
to assess the bioavailability of Fe in inaiiv foods and
food products. This assessment often requires in vitro
screening of foods and food combinations to define fac-
tors influencing bioavailability and refine experimental
objectives and hypotheses before in vivo testing (Yuii (t
al., 2001; Hu et al.. 2006a.b: Ariza-Nieto et a].. 2007).
Once in vitro screening is done, animal models arc tisu-
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ally ati einpted to refine experimental plans before the
more costly and definitive human efficac y trials.

trinityFor tr y in vivo studies using animals. rodents have
beeii the predominant model for Fe hioavailability but
appear to have fallen out of favor iii recent Years due
to relatively high efficiency of absorption from foods
that have very low availability in humans (Patterson ct
al., 2008). Piglets have been used as a. model but have
both strong similarities and differences to Iwinan gas-
trointestinal physiology (Patterson et a].. 2008). The
most readily apparent macroscopic difference between
Iliunan and porcine is intestine length. The small in-
testine of adult pigs is around 15 to 22 iii, whereas
i lie large intestine has an average length of 4 to 6 in
(Tumbleson and Kalish. 1972: Miller and Ullrev. 1987;
Eminans and Kyriaza.kis, 1999; van Reiis and van der
Lende. 2002), lit the sniall intestine of a un-
man adult averages around 5.5 to 7 in. whereas the
large intestine is around 1.5 iii (Martini et a]., 1998;
Mocluzuki and Makita. 1998: Einnians and Kvriazttkis.
1999: Patterson et. a]., 2008).
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Chickens have a shorter intestinal tract relative to
humans (total length is 2.171 m; Sturkie. 2000). Tire
avian digestive svsteni has adaptations designed to fa-
cilit ate flight. Because birds lack 1 eethi and heav y jaw
muscles, 100(1 particles are swallowed whole and then
reduced iii size b y the ventriculus and gizzard located
within the bod y cavity (Sturkie. 2000). The small intes-
tine is divided into the duodeuuni, jejiuiuuii. and ileurn.
although these are not distinguishable based oil

 or gross observation. Although there is a distiict dii-
odenal loop. the yolk stalk is often used as a landmark
to separate the je,junuin and ileuiii (Sturkie. 2000). The
(luodenulu is the priIIry Fe absorpt mu site, a feati tue
similar to humans (Sturkie. 2000).

The modern broiler chicken is a fast-grown ig animal
that is sensitive to (lietarv deficiencies of trace minerals
such Fe. As such, it holds potential as a relevant model
as a source of tissues for in vitro Fe bioavailability stud-
ies. in vivo feeding trials, or both.

The objective of this stud y was to determine if broil-
ers can be a useful model for assessment of Fe bioavail-
al i I itv from foods. In this paper. we document how
Fe stat its of broilers changes in response to diet arv Fe
deprivation. This was done via measurement of blood
hemoglobin (Hb). duodenal Fe uptake, and expres-
sion of Fe transport proteins such as divalent trails-
porter 1 (DIMT1: the Fe uptake transporter). duode-
nal cvtoehmroine B (DcytB: reduces Fe at brush border
membrane). and ferroportin (a proteili involved in Fe
transport across the entero('vte). Furthermore. bdoe-
unlenting the above effects, we explore the feasibilit y of
a duodenal loop prel)au'ation of broilers as a means to
assess single meal Fe availability arid the longer terni
feeding trial (i.e., 4 to 6 wk) as a means to assess long-
term Fe bioavailabilitv of test diets.

MATERIALS AND METHODS

Birds, Diets, and Study Design
Thirt y-six Cornish ('Foss feri ile broiler eggs were ob-

tained from a commercial hatchery (Moyer 's Chicks.
Quakertown, PA). froin a maternal flock 35 wk in lay.
The eggs were incubated under optimal conditions at
the Cornell University Animal Science poultry farm in-
cubator. Upon hatching (hatchability rate was 90%,),
10 ('lucks per 1 n1 2 metal pen were randonily assigned
to groups and housed in a total-confinement building.
Birds were under indoor ambient temperatures and were
provided 16 It of light. Each pen was equipped with an
automatic nipple drinker and manual self-feeder. All
birds were given ad hihitimmn access to water (Fe content
was 0.379 + 0.012 tg/mL) and Wet formulated to meet
NRC recommendations durin g the first week posthiatch
(NRC. 1994). That was done to see if the hatchlings
will build up some Fe stores and will not be Fe depleted
at the start of the trial. At the age Of 7 d. clucks were
allocated into 2 treatment groups on the basis of BW,
sex, and blood Hi) m'oumceumtration (2 pens of 5 birds per

treatment group): a high-Fe group (F( , +) that was fed
an Fe-adequate maize ( Zea ruamjs)-based diet (1 .11 pg of
Fe/g of diet,) and low-Fe group (Fe-) that was fed an
Fe-deficient maize-based diet (51 pg of Fe/g- of (bet) (Fe
as ferric citrate. Sigma. St. Louis. MO). Diet composi-
tion is shown in Table 1 (diets were pehleted and fed as
crumbles).

Feed intakes were measured dail y, Blood samples were
collected from t lie wing vein (ii it). -100 niL) using
nimcrohmeinatocrit heparinized capillar y tithes (Fishier.
Pittsburgh. PA). Samples were collected in the morning
after an 8-h oveu'umight fast. The samples were analyzed
for Fib concentration (see below). Both' weights and 111)
concentrations were nieasured weekly.

Iron bioavailabilitv was calculated as H h mainte-
nance efficienc y (HME) (Tan et al.. 2008: Tako et al..
2009):

Rh Fe (fiumal)	 Hi) Fe (initial)
lIME -	 x 100.

Total ic intake, mug

where Ill) Fe = total 1)0th' Hb Fe. The HI) Fe was cal-
culated from liii concentrations and estimates of blood
voluuumie based on BW (a blood volume of 85 mumL per kg
of B \V is a.ssummied) (Sturkie, 2000):

lib Fe (mug)	 H\V (kg) x 0.085 L of blood/kg

x JIb (g/L of blood) x 3.35 nig of Fe/g of 111).

Iron imtakes were calculated fuoumi feed intake data and
Fe concentrations iii the feed.

Table 1. Composition of the experimneumt a] bets

to ai k'q tate	 1 'e-ih'ficieni
1)1(1	 diet

Iiigredieiil. )g/kg)
Corn
Soybean meat	 rio
Coril oil	 30	 3))
Corn starch	 17	 .17
Ni t.ainin-mineral premix (no Fe) 	 70
Cl whnc chloride	 0. 75 	0.75
Di,-Nlethionjne	 2.5	 2.5
Ferric citrate	 0.5
To) at (g)	 1.000	 1.000

D(') cr1 fillet I content
Fe 2 (pg of Ft,/,)	 Ill	 5.2	 51 ± to'

loll 0 row. mean tnt ((011) (1 C0liIl1(0li Iipt'l strilit are sigmolicaIli lv
different (P < 0.05).

Vitwun-miuena 1 premix provided (per kg of diet): ret Invi l)alnntate,
1.208 )mg: ergoealeih'rol. 5.5 ji g: DL-n-toc'opliervl acetate, 10.72 hhlg lift'-
1(a(IlOhle, 0.5 log: D-biotin. 0.05 mug: choline chloride. 0.5 g: folic acid. 0.3
log: niacin, 15 lug: Ca-a pamitom hienatr'. 10 mg: riboflavin. 3.5 hg: thia-
min. 1 Ing: pyridoxine. 1.5 log: cValiOcOl)alalhhihl. 17.-5 pg: 060'5II_0. (1
1115: (' ..t-I.,N 2H1 (ethylene diami e dihvdriodidc ) . 0.1 . 1 Ing: N1110. 4 immg:
Na.,Se0. 1 . 0.3 115: and ZoO, 100 Ing.

iron corao'!il rations in the diets were clelermmiilm('(l In' an induct ivelv
coupled argo! i-plasm itt/a toll hit I'll! *0011 Sperm ropht t Oil ft') in ) IC,\ P dii E
Thermal JarrellI Ash Trace Analyzer, .Jarrell As] i Co., Ira 111<1 ii. NIA)
after wet-ashlihlg.
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Figure 1. 11lutration of the (:llj('k('ll dnodenal loop model (frontal
view): 1 = stable isotope ('°Fe) solution injection site: 2 = duodenal
vein (blood collection tu ) : 3	 ligation sit(-,.

Hb Measurements

Blood Hi) coilcentrat bus were det eruuline( sped ro-
photouuietrically using the cyanniethenioglobin method
(H7506-STD. Pointe Scientific Inc.. Canton, Ml). The
instructions of the kit inanufi-uturer were followed.

Ligated Loop Procedure

At wk 7, birds (n = 3) were tasted overnight and
anesthetized by i.m. injection of Dial/Ketanuine (a
complex anesthetic, I inL/kg of MV: Sigma). A small
incision iii the lower abdomen was made to expose the
duodenal loop. The duodenal loop was ligated using a
surgical thread (Roboz Surgical, Gaithersburg, MD) at
both ends and a uonocclusive 22-gauge catheter was
inserted into the duodenal vein. The wing vein was also
exposed and a BPE-T50 polyethylene tubing (Solomon
Scientific. San Antonio, TX) was inserted into the vein
for heparin administration to prevent coagulation iii the
duodenal canuiula during the experiment, initial blood
samples were taken fu'ouu the duodenal vein. Then each
duodenal loop was injected with a 10 mlvi ascorbic acid
solution with 1mg of 'Fe (total volume of 3 ml-). The
anesthetized birds were kept under lamps to maintain
their body temperature and wetted gauze pads with
warm saline were placed over the loops to maintain

their moisture. Blood samples were collected before the
stable isotope injection and then every 5 min and for 2
hi post solution injection using a pimitip (Alitea VS-loll.
Precision Instrumentation Ltd.. Englewood. CO) that
was set to draw blood at, a rate of 0.13 iuL/min (total
blood volume collected was 13.6 iriL/2 li per bird) us-
ing 6-mL Vacutainer heparin-coated tubes (Figure 1).
Samples were analyzed by inductivel y coupled argon-
plasma mass spectrometry for "Fe. concentrations. At
the end of procedure, in overdose of the Dial complex
was used to kill the birds. Sections (5 (-mn) of the iind
duodenum were immediately taken and scrapings of the
duodenal unucosa were isolated and stored in an —80°C
freezer until gene expression anal ysis All aninial pro-
tocols were approved by time Cornell Universit y Institu-
tional Animal Care and Use Conmiittee.

Preparation of Fe Isotope Solutions
for i.v. Infusion

Enriched stable isotope of Fe (F'e 92.2 (/c. enriched:
Isoflex USA. San Francisco, CA) was used for this
study. The "5Fe (iii the form of elemental Fe powder)
was dissolved ill H(.'. 1 (Fisher: 200 p-L of
HC1/mg of Fe). The solution was diluted with deionized
water to a final concentration of I m g of 5Fe/mL (Tako
et al.. 2009).
- - For each bird, a volume of 1 niL of the concentrated
'Fe solution was transferred into a separate vial with
2 mL of the 10 mill ascorbic acid (pH -1) solution. Time
stable isotope solutions were sterilized by filtration and
aliquots were stored in ealed. sterile vials until use.

Measurement of Fe Absorption

Iron absorption was estimated from the concentra-
tions of the stable isotope tracer ('Fe) in whole blood
relative to Fe natural abundance concentration. Blood
samples (0.05 mnL) were wet-digested ill concentrated
HNO 1 followed by a 50:50 mixture of HNO . 1 + HC1O1
and brought to ruea.r dryness in a heating block. The
ash was dissolved in 15 mL of 2% (0.316 mol/L) nitric
acid. and isotope ratios were determined via inductive-
lv coupled argon-plasma mass spectrometr y (Agilent
7500 CS. Santa Clara. CA: Patterson et al.. 2008: Tako
et al., 2009). The amuioumuts of Fe-stable isotope ( 51'Fe) in
excess of the naturally occurring aniounts in the total
circulating Hi) of the birds were calculated from mass
spectrometer isotope ratio analyses of whole blood. HI)
concentration umieasurement-s, and estimates of blood
volume (Fremukel en al.. 1972).

Isolation of Total RNA

Total RNA was extracted fromui 30 lug of the distal
duodenal I issue using Qiageuu RNea.sy Mini Kit (RNeasv
Mimn Kit. Qiagen Inc-Valencia, CA) according t-o the
protocol of time manufacturer. Briefly, times were dis-
rt iptcd and homogenized with a rotor-stator homogeniz-
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el in buffer liLT (Qiagen Tu(-.: for lvsis of cells-tissues
before RNA isolation). couitaiuilig 3-iiiercaptoctliaiiol.
The tissue lysat e was centrifuged for 3 iiiiui at 8.000 x g
in a iiucrocentrifuge .An aliquot of the supernatant was
transferred to allot her tube. coiiibined with I volt iiiie of
70% ethanol, and mixed immediately. Each sample (700
1iL) was applied to an RNcasy minicolunin. centrifuged
for 15 s at 8.000 x q. and t he flow-through material was
discarded. Next, the RNeasv colunuis were transferred
to new 2-nit, collection tubes. and 500 tLL of buffer
11FF: (Qiagen Inc.) was pipetted onto the RNeas col-
umn followed 1 v centrifugation for 15 s at 8.000 x Y.
An additional 500 p L of buffer RPE was pipetted onto
the RNeasv coluititi and centrifuged for 2 min at 8.000
x q. Total RNA was eluted in 50 jil, of RNase-free wa-
ter. All steps were carried out under RNase-free condi-
tions. Ribonucleic acid was quantified b y absorbance at
A950 20 liii egrity of the 28S and 18S rihosomal RNA
was verified by 1.5/(, agarose gel electrophoresis fol-
lowed by ethidiuni bromide staining. Deoxyribonucleic
acid contamination was removed usin g Turbo DNase
treatment and removal kit following the instructions of
the manufacturer ( AM2239. Anibion. Austin. TX).

Isolation of Chicken DcytB Gene Fragment

Primers were (hesigmied to correspond to nucleotides
496 to 520 (5'-GGC.' CGT GTT TCA GAA CCA CAA
TOT T-3') and 686 to 710 (5'-CGT TTG CAA TCA
COT TIC CAA AGA T-3') of the previously published
human small ii itest inal Dcvtll sequence (GenBank hi-
tabase: 01 20380692). Total RNA was amplified us-
big the Promega Access RT-P(13 System (Promega.
Madison. WI). The program was as follows: 2 niiii at
94°C. 1 min at . 18°C. 2 miii at 68°C for 40 c ycles. fol-
lowed by 7 mimi at 68°C. The reverse transcription-PCR
(R'lI'-PCIt) products were separated oil a 1.5/( agarose
gel, visualized by st ainimig with ethiclunmi hronude, ex-
cised frow the gel, and purified using a High Pure PCR
Product Purification Kit following ill(, instructions of
the manufacturer (20021. Qiageu Inc.). The chicken
duodenal DctB eDNA fragment was subjected to an-
tomnate sequencing using an Applied Biosystenis 373A
DNA sequencer (Applied Biosvstenis Inc.. Foster City.
CA). Nucleic acid sequences were analyzed andhomol-
ogv between chicken and oilier DctB sequences was
calculated using DNAMAN version 4 software (Lyniion
Biosoft. Point( , Claire. Canada).

DMTI, DcytB, and Ferroportin Gene
Expression Analysis

As (lescril ned nevi amslv ( Tako el nil.. 2005). first
strand eDNA were synthesized from 5 gg of total
RNA front each bird using oligo ((IT),, as primers in
the presence of Moloney nimirine leukenua virus reverse
traiiscriptase (Fermentas Inc., Glen Burnie. MD) for 1
ii at 42°C. Polvmnerase chain reaction was carried out
with primers chosen from the fragment of the chicken

duodenal DMTI gene (01 206597189: forward: 5'-AGC
CGT TCA CCA OTT ATI TCG-3': reverse: 5'-GGT
CCA AAT AG(; CGA TOO TC-3'), DcytB gene (01
219913161: forward: 5'-GGC COT OTT TGA GAA
('CA CAA TOT T-3': reverse: 5-C(.T TTG CAA
TCA COT TTC CAA AGA T-3'). and ferroportin
gene (GI 61098365: forward: 5'-GAT GCA TIC TGA
ACA ACC AAG GA-3': reverse: 5'-GGA GAO TOG
GTG GAC AAG AAC TC-3'). Ribosomal 188 was used
to normalize the results, with primers from the Callus
gallus 188 rih05OII11l RNA ((-1 7262899: forward: 5'-
CGA TOO TCT TAA CTG AGT-3': reverse: 5'- ('AG
CTT TGC AAC CAT ACT ('-3'). Determination of the
linear phase of the PCR amplification was performed
with Tfi-DNA polvnierase (Access RI-FOR S stein,
Promiiega) with pooled aliquots removed at 15. 20, 25.
30, 35. 40. .15. 50. and 55 cycles. Amplification of the
chicken duodenal DI\IT1, DcvtI3. and lerroportin genes
was performed for 32. 33. and 30 cycles. respectively.
which consisted of denaturation (95°C. 30 s), anneal-
ing ( . 18°C. 1 min). and extension (72°C. 1 mm): ribo-
sownh 18S was amplified at 32 cycles under identical
conditions in a different tithe. Ribosomal 18S (426 hp)
and chicken duodenal D\ IT 1-ferroportin FOR products
were separated by elect rophoresis oil 2% agarose gel.
stained with ethndiuin bromide, and quantified using
a Gel-Pro Anal yzer Version 3.0 (Media Cybernetics,
Bethesda. MD).

In Vitro Fe Bioavailability Assessment

_\.n in i vitro (higestioml-Caco-2 cell culture model
(Glahu et al.. 1998) was used to assess Fe hioavailahil-
itv. \ViI li this method, foods or meals are subjected to
simulated gastric and intestinal digestion. Briefl y. sam-
pies (approximately 20 g) were ground to a fine powder
by using a coffee grinder. Ahiqnmot s of the powders (ap-
proxinately 1.0 g) were mixed oil a rocking platform
('--80 rpmu) in 1515 niL of buffer cot ut aim nng 1 . 10 mM NaCl
and 5 mM KC1 (pH 2). The pH of the mixture was then
adjusted to 2 with 1.0 111 HC1. Pepsin (0.5 ml. of a 20
mmmg/niL. pH 2 pepsin solution: Sigma P6887. 3.200 to
4.500 units/mg of protc'imi) was added. and t he mixture
was incubated for 1 Ii at 37°C on a rocking phil fbrni to
sinnmlate gastric chgestion. The resulting pepsin digest
was then adjusted to plf 7 with 0.1 Ill NiHC'O 1 , amid
a pamicreatimi-hie mixture [2.5 muL: 0.3 g of h)ancreatini
(Sigma P3292) and 1.8 g of bile extract iii 1.50 mL of
0.1 M NaHCO 1} was added. The mixture was iiicmnhated
at 37°C for 2 additional hours on a rocking platform to
simulate intestinal digestion. This pancreatimi-bile di-
gestion took place in a small tipper chiamuher positioned
over a mnoiioiaver of cultured Caco-2 cells.

C'a.co-2 cells (at passage 28 to 3.5) had been seed-
ed at a densit y of 50.000 cells/em2 and were grown in
Dmmlbecco's modified eagle mnediuni (Gihco. Imivitrogcn.
Carlsbad. ('A) at 51/ C09/95% air. RH. and 37°C. The
experiment was conducted 14 (1 p05t seeding. Before
the uptake assa y, cultures were washed with tempered
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(37°C) minimum essential medium at pH 7. and I niL
of nunimuni essential medium was placed in each well.
The contents of the upper clianiher were separated
from the Caco-2 cell layer by a 15.000 molecular weight
cutoff dialysis membrane (Spectra/Por 2.1 , Spectrum
Medical. Gardena, CA) that allowed Fe released from
lie digested samples to diffuse into the mediiun bathing
he cells in the lower chamber. After the simulated in-

I estinal digestion, the upper chamber was removed, and
the cells were incubated at 37°C for 23 h to allow fern-
in to form. The growth medium was removed, and the

cell monolayer was harvested from the bottom chamber
by adding deionized water and placing it in a sonicator
to disrupt the cells. Caco-2 cells synthesize fernit.imi in
response to increases in intracellular Fe concentration.
Therefore, ferritin concentration in the cells, measured
iii an aliquot of the cell suspension by using an enz yme-
linked iinmunoassay (Rainco, Houston, TX), was used
as an index of Fe uptake. Cell ferritin was expressed as
nanograli is of ferrit in per nulligrani of cell pi'oi ciii.

Statistical Analysis

One-tailed Student ' s f-tests were performed to corn-
differences between means using the ,Jl\IP software

(SAS Institute. Carv, NC). Values were considered sig-
nificantly (liffcrelit at P < 0.05. Values ill the text are
means ± SE\l.

RESULTS

Growth Rates, Hb, and HME

The broilers grew well over I he 7-wk study. There
were no differences iii feed intakes at aiiv time through-

out the study; however. Fe intakes and BW were sig-
nificantly higher in the high-Fe group than the low-Fe
group (Table 2). Blood HI) concentrations were signifi-
cantly higher in the lughi-Fe group compared with the
low-Fe group after the first, week of the study (Table 2).
The HME values were significantly different between
treatments (Table 2). In addition, the increase in total
body Hb Fe from the beginning of the study to time
end of the seventh week was significantly greater in the
high-Fe group (85 + 7 tug) tliami the low-Fe group (54
+ 6 nig. P < 0.05. data not shown).

Isolation and Sequencing of Partial Chicken
Small Intestinal DcytB cDNA

A 118-bp fragment of 'die intestinal DctB gene was
isolated iw RT-PC1I. and was sequenced. The (-D-NA

 of time chicken intestinal Dcyt B was entered
into the EMBL Nucleotide Sequence Database (http://
www.ncbi.nlntnih.gov/) under accession mnnuber CI
188536035. The predicted amino acid sequence of
DcvtB resulted in a, predicted translation of 39 amniiio
acids. This amino acid sequence was 85% homologous
to Ho'rno sapiens DcytB and 79% homologous to both
rat (Ratt'u.s flLJl'?'cqiC'US) and mouse (-Alas rreusculus).

Gene Expression of Fe Enzyme
and Receptors in the Duodenum

Senuqna.ntitative RT-PCR anal ysis revealed signifi-
cantly (1' < 0.05) increased niRNA expression in the
small intestine duodenal segments of DMT1. ferroport-
iii. and DcvtB (an elevation of 13. 30. and 20%. respec-
tively) in the low-Fe group compared with the high-Fe
group (Figure 2).

Table 2. Body weights. feed and Fe intakes, blood 1ienog1ohni concentrations, and hemoglobin maintenance efficiency (HME) in
broiler chicken fed diets containing Fe.-adequ ate maize-hosed diet (Fe+, 141 ia of Fe/a of die) ) and Fe-deficient maize-based diet (Fe-,
51 pg of Fe/g of diet) froiii d 7 to 491

Da y 7	 Do 1 . 1	 Da 2
	

28
	

DaY 35

13W (g)
Fe±	 11:1" 1 6.18	 361" ± 12

136" ± 1.5	 330" ± TI
Fe intakes' (ing. cumulative weekly from ci 0)

14+	 14.1 ± 1.5	 33.8" ± 10.4
Fe-	 6.63" ± 0.7	 14.2" ± 1.8

Hemoglobin concentration (g/L)
Fe+	 145" + 2.6	 115" ± 2.9
Fe-	 145° ± 2.8	 101" + 4.9

HiIE' ('41
F','	 17.4'	 1.9
F'	 25.2" ± 2.9

nil liii, ;i rue,'. ll1,',uilS without a ('011illI011 superscript me iiiifie;u,l k difforent 	 I'	 11.1)5).

Values art , tri pans + SEE. ii	 19.
'Values are mean daii' feed intakes for the 7 ci proceeding the da y designated in the column heading.

Hb Fe (final) - HP Fe (initial)
"Iron bioavailabilitv wa.s calculated as HME (Tan et al.. 2008: Tako et at.. 2009): HSIE =. 	 x 100, where HI, Fe -

'1 otal F e nitake. lug
total bod y hemoglobin Fe. 111)Fe was calculated from hemoglobin concentrations and estimates of blood volume based on 13\V (a blood volunie of ss
nil, per kg of BW is assumed) (Sturkie, 2000): HP Fe (tag) - B\V (kg) x 0.085 L of blood/kg x lIP (g/L of blood) x 3.35 log of Fe/g of lic'nioglu-
bin.
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DMTI	 Ferroportin	 Dc) t It

Figure 2. Chicken (Iuodeual iiilDA exprcssioit of divalent tin
porter I (DM11). brropurtin and ditodeiial c tochn one B Dcvi 11) in
adequate-Fe (r(,+) and low-Fe (Fe - ) birds. Changes hi ni lNA expres-
sion were measured by seliuqUanritati ye reverse transcript ion-P( fl
and expressed relative to expression of 1SS rBEA in arbii rarv units
(AU). Values are means ± SEM. it = 6. An asterisk () indicates sig-
nihetuit lv different froni the tel I reii1nent group (P < 0.1)5).

Caco-2 Cell Ferritin Protein Formation

Using an in vii rotligestion-C'aco-2 tell culture i tiotlel.
feiritiii formation was 11.78 + 0.9 ug/ing of protein in
cells exposed to digests of the Fe-adequate diet corn-
pared with 5.18 + 0.6 ng of ferritin/nig of protein in
the Fe-deficient diet. (P < 0.05). indicating that more
Fe was taken lii) by the Caco-2 cells from the Fe-ade-
quate diet.

Fe Absorption

Fe absorpi ion rates of 'Fe in the low-Fe birds were
significantly liiglit'r titan absorption rate in high-Fe
birds. Average absorption rates were 22.11 + 7.2W and

13.35 + 4.6Y1 fir 'Fe absorption iii Fe-deficient and Fe-
adequate birds, respeCl ivelv (values are iciean + SEM.
it = 3: Figtir 3).

DISCUSSION
The main goal of this study was to evaluate the broil-

el as a model for assessuient, of Fe bioavailahulitv via a
7-wk feeding trial and to introduce a unique duodciia.l
loop technique for direct measurement of Fe absorp-
tion. Also. we isolated rind sequenced a partial sequence
of the chicken Dcvt.B cD"cA: Dc ytB is a brush bor-
der m	 yenihrane enzyme that reduces Fe from the ferric
(Fe .t) to the ferrous (Fe ) state.

Iron absorption is regulated. in part. b y intracellu-
lar Fe concentrations in enteroc y tes (Ludwiczek ct al..
2004). Iron ions (Fe 2 and Fe : ' ) reach the duodenal
brush border membrane then are reduced b y Dcy t.B to
Fe 2 (unless already in the Fe2' form), winch is then
transported into the enterocvte via MITI. Alternative
mechanisms for Fe entry into enterocvtes are possible
anti likely but have not been conclusively demonstrated
(Kim et. al . . 200$). Within 1 he cell, Fe is either stored as
ferrit in or trafficked to the baso]a.toral membrane and
exported into the circulation. Transport across the ba-
solcitera.l membrane is accomplished by the coordinated
action of ferroportin, an Fe transporter. anti hepharsi in,
winch oxidizes Fe Fe t+ . lion ions (Fe"t ) then hint!
to transferrin for distribution throughout the bod y via
the plasma. circulation (Collins et al., 2005).

Iron is a required element for the function of numer-
ous enzmnes uid participates in oxygen transport and
DNA synthesis. Therefore. Fe is a vital nutrient for the
tlevelopiiient of time fast-growing chick and the minimal
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Figure 3. Diinifenal loop Fe absorption rate. A comparison between adequate-Fe group ( I-c-el that was given all Fe-adequii e niiiize-hased diet
gI I I i of Fe/g of diet ) am I low-Fe group (Fe-) that was given all maizIe- nised diet (51 pg of F( ,/g of diet). Iflonil sa inples were col-

lected before stable isotope injection and then every 5 nun and for 120 inin post solution injecriouu. Saniples were anal yzed 1)'. inductively coupled
argon-plasnia lOiS5 speetronuetO' for '''Fe concentrations [absorption of '"Fe ('1c);  values are treatment means I SEM. it = 3J. An asterisk ( )
indicates significantly different from the Fe + treatment group (P < 0.05).
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dietary Fe requirement for broilers has been set at 80
mg of Fe/kg of diet (NRC. 1994). Dietar y Fe deficiency
was shown to affect the development of the chicken. For
example.. Fe deficienc y affected the intestinal nlucosa
functioiialitv by decreasing villus surface area (SSiz ci
al., 1993). These observations supported our initial hy

-pothesis that the chicken is sensitive to dietary Fe con-
centrations and therefore can be used as a model to test
Fe bioavailability in foods.

In addition. the intestinal loops of broilers have heii
used for iiuneral absorption measurements. Previously,
the broiler's duodenal in situ ligated technique was used
to assess dietary glucose and Zn absorptions (Riesen-
feld ci al.. 1980: Yu et al.. 2008). However, relatively
little information is available oil Fe absorption in poul-
try and on specific transport in chicken intestines.

A poultry model for Fe bioavai lability studies can
have numerous applications, but in general. it can be
used to identify foods, food combinations, and fac-
tors within diets that can help prevent Fe deficiciicv
anemia. it may be especially useful in the strategy of
I )iofolt ificat ion. This approach uses plant breeding to
select for traits that enhance the nutritional qualit y of
crops by increasing Fe concentration or bioavailal )ilitV,
or both(Haas et al.. 2005). Because the North Aineri-
call poultry (bet is composed primarily of maize, it. may
he especially useful to develop maize and other crops
for improved Fe nutrition.

In hiofortificatiomi studies. the effect of a hiofortified
food is expected to be preventative: thus, depending on
the duration of the stud. marginall y Fe-adequate or
Fe-deficient. animals are desired. Anemic animals are
not desirable for hiofortification studies because ph ysi-
ological adaptation may niask (lifferemi('es in bioavail-
able Fe between test samples. Also, the difference in
deliverable Fe may not reverse the anemia or require
a longer lime to show a measurable benefit. Alterna-
tively. Fe-adequate animals ma y take a long time to
show depletion of Fe thus, less effect would be shown
during a study. Therefore, the initial Fe status should
be tailored to accommodate possible changes in Fe sta-
tus and thus imiaxmiiuze the potential for measurement
of physiological effects.

Given time above considerations. the present study
provides information regarding how to set the Fe status
of the birds for future biofortification studies. In the
present, stud y. the (hicks were given a typical start-
er diet (NRC. 1994) during the first week posthatcim
(create Fe stores). At d 7, chicks were moved to the
tested diets (low Fe vs. high Fe). This dietar y treat-
ment yielded what we were hoping to show. That is.
an experimental group with Fe stores that were rapidly
depleted by an Fe-deficient diet and exhibiting the ex-
pected upregulation of Fe absorption and expression of
time Fe transporter and proteins involved in Fe absorp-
tion. These results document the expected response of
the broiler to Fe deficiency and provide information
as to how Fe status can be manipulated in this model.
Such information is necessary so that fill tire studies ('all

be done comparing foods that nmav have differences in
Fe hioavailabilit.v.

In addition, the current study documents the changes
in bod y Hb Fe in the birds as uieasures of Fe absorp-
tion and uses absorption of all isotopic tracer to dem-
onstrate time adaptive response of the diiodeiiiiiu to Fe
deficiency.

The mean Hb concentrations in both groups at time
start of the feeding period were about 145 g/L. and
concentrations were maintained at this level through-
out the study iii the group receiving a high-Fe diet but
fell significantly in the low-Fe diet group. Tim a previous
stud y aiiiied to test Fe requirements of chicks tech a semi-
purified diet based on casein and soy protein. hmatchlings
that were fed the basal diet (Fe concentration was 46.5

g/-- of diet) had a final Hi) concentration of (ii versus
89 g/L in clucks given the same diet supplemented with
50 mug of Fe/kg of diet. In addition. MV gains were
60 higher iii the Fe-supplemented group (Aovagi and
Baker. 1995). Iii the present study, final total bod y lIb
Fe contents and time increase ill total body HI) Fe over
the 7-wk feeding period were sigimifmcantiv greater in the
high-Fe group versus time low-Fe group (84.6 + 10.2 11mg
vs. 54.3 ± 9.8 mug. respectivel y). Also. the Fe absorp-
tion rates iii time low-Fe birds were sigmiificantl' higher

nin time higlu-Fe binds. Previousl y, it was shown that
the intestinal Fe absorption iii 7-wk-old ('locken and
after 60 inin of perfusion was 191)4 (Siuiz ('t al.. 1993). In
this study. we observed a similar Fe absorption mate iii
time cluodemial 1001).

We chose to immeasune Fe absorption in time duodenal
1001) because the duodenum of poultry, similar to him-
muamis. is time major intestinal site of Fe absorption (Smiiz
et al., 1993: Aoyagi and Baker. 1995). The plots of Fe
absorption percentage against time post iutraluumummal
injection of the stable Fe isotope showed that there were
as tinie-dependent increases of Fe absorption.
These results are in agreement with similar fiiudimmgs of
iiiagnesiuin and other imuneral ('leimmel its absorption ill
mmmamnials (Thmommmsomm et al.. 1971). For example. the rate
of pig intestinal Zim transport has decreased as fromu 30
inin posttreatment (Blakeborough. 1987). In our study.
Fe absorption reached equilibrium within 10 miumm after
injection. A simnilmr observation was immache when Zn ab-
sorption was tested  in broilers iii a trial aimed to study
the kinetics of imitestiiia.I Zim absorption. Results showed
that Zim absorption increased linearly and then reached
a plateau within 30 mimi. Also, similar to Fe transport-
ers. duodenal Zn transporter niRNA levels were higher
thaim time 01 her intestinal segments (Yu et oh.. 2008).

In Fe-deficient rats and ill intestinal cell cultures, the,
expression of DMT1, ferroportin. and DcvtB nuRNA is
expected to be higher relative to Fe-adequate imidividii-
als (Collins et al., 2005: Collins. 2006). This pat I ern of
expression waswas observed in time present study and was
(ies('nii)ed in Fe-deficient rats and in vitro (Johumsomi et
al., 2005). Previousl y, it was shown that the elevated
gemie expression for these transporters and enzymes is
due to the dietary Fe deficiency conditions and imicreas-
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es cellular Fe opt ike and export into the circulation
(Johnson et al.. 2005) .These observations indicate that
the Fe uptake iiieclitmnisnis ill the broiler are responding
as expected to dietar y Fe.

So far. rats or piglets were used as niodels for Fe
hioavailahilitv studies due to similarities in gastroin-
testinal ann I oniv and ph ysiology to in unaiis. However.
rodent-piglet long-terni Ieediig trials are costl y, hard
to Illailitaill. a.iicl limited by the number of aiiiuials.
In contrast chickens are cheaper and easier to iiiain-
ani. Also. the chicken intestinal anatom y allows using

the duodenal loop for ill situ dietar y Fe hioavailalnlitv
tests,. Moreover. the overall size of the adult broiler al-
lows for repeated blood saiiiplii ig at volumes suitable
for Iiieasiireiiieiit of trace minerals. Further studies on
I lie loop nR)del are needed to determine. it s sensit ivitv
and usefulness ill 	 bioivailihulitv of foods.

Based oil the present data. we conclude that the in
vivo results confirmed the in vitro observations and
that these findings suggest that the broiler model mini-
ics t lieph ysiological effects of Fe delicienev as reported
ill her species. As such, the (hilOde] ml 1001) iiiet li( >d
shows promise as an intermediate. accessible. and rela-
tively cheap screening tool for Fe availabilit y and link
hetweeim in vitro observations and liunmami studies.
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